Introduction
Breast cancer remains the second-leading cause of cancer-related deaths among women in the United States, with an expected 40,920 deaths in 2018 (1) . Although adjuvant therapies, including cytotoxic chemotherapy and molecularly targeted therapies, have reduced the mortality associated with breast cancer, up to 25% of patients will develop tumor relapse (2, 3) . Mortality from breast cancer is largely due to the emergence of recurrent tumors that are resistant to treatment (4) .
Multiple lines of evidence suggest that the epithelial-to-mesenchymal transition (EMT) promotes recurrence and chemoresistance in breast cancer (5) . In cell culture models, the induction of EMT promotes cell survival in response to cytotoxic chemotherapies (6) (7) (8) . In a mouse model for breast cancer, overexpression of the EMT transcription factor Snail accelerates recurrence following Her2 inhibition (9) , and EMT has been shown to promote chemoresistance in mouse models of breast cancer (10) and pancreatic cancer (11) . Furthermore, patient data support a role for EMT in promoting chemoresistance. Residual, treatment-resistant breast cancer cells acquire EMT characteristics following chemotherapy (12) , and expression of EMT markers on circulating or disseminated tumor cells is associated with a poor prognosis (5, 13) . Taken together, these findings suggest that EMT promotes chemoresistance in recurrent breast cancer. However, the specific mechanisms underlying chemoresistance in recurrent tumors remain understudied. Understanding these mechanisms is essential to developing novel strategies to resensitize chemoresistant tumors and improve clinical outcomes for patients with recurrent tumors.
Using a genetically engineered mouse (GEM) model that recapitulates key features of breast cancer recurrence, we previously showed that the tumor suppressor Par-4 (prostate apoptosis response 4, also known as Pawr, or proapoptotic WT1 regulator) is downregulated in recurrent tumors that arise following targeted Her2 withdrawal or chemotherapy administration (14) . Mechanistically, we found that Par-4 downregulation accelerates recurrence by promoting residual tumor cell survival in mice and in breast cancer patients following neoadjuvant chemotherapy (14) . However, the mechanism of Par-4 downregulation remains unexplored, as does any function for Par-4 in regulating the response of recurrent tumors to chemotherapy. In light of the fact that Par-4 is a proapoptotic protein that is required for cell death in response to chemotherapies (15, 16) , and because recurrence in these GEM models is associated with EMT (9), we hypothesized that Par-4 downregulation may provide a mechanistic link between EMT and chemoresistance in recurrent tumors.
In the present study we used these GEM models to examine the mechanism and functional significance of Par-4 downregulation in recurrent tumors. We found that Par-4 is downregulated in recurrent tumors by direct recruitment of the EMT transcription factor Twist to the Par-4 promoter. Twist induces Par-4 silencing through a noncanonical mechanism that involves acquisition of a bivalent configuration at the Par-4 promoter, in which both the active histone modification H3K4me3 and the repressive modification H3K27me3 are present. The bivalent Par-4 promoter in Tumor relapse is the leading cause of death in breast cancer, largely due to the fact that recurrent tumors are frequently resistant to chemotherapy. We previously reported that downregulation of the proapoptotic protein Par-4 promotes tumor recurrence in genetically engineered mouse models of breast cancer recurrence. In the present study, we examined the mechanism and functional significance of Par-4 downregulation in recurrent tumors. We found that epithelial-tomesenchymal transition (EMT) promotes epigenetic silencing of Par-4 in recurrent tumors. Par-4 silencing proceeded through binding of the EMT transcription factor Twist to the Par-4 promoter, where Twist induced a unique bivalent chromatin domain. This bivalent configuration conferred plasticity at the Par-4 promoter, and Par-4 silencing could be reversed with pharmacologic inhibitors of Ezh2 and HDAC1/2. Using an epigenome editing approach to reexpress Par-4 by specifically reversing the histone modifications found in recurrent tumors, we found that Par-4 reexpression sensitized recurrent tumors to chemotherapy in vitro and in vivo. Upon reexpression, Par-4 bound to the protein phosphatase PP1, caused widespread changes in phosphorylation of cytoskeletal proteins, and cooperated with microtubule-targeting drugs to induce mitotic defects. These results identify Twist-induced epigenetic silencing of Par-4 as a targetable axis that promotes chemoresistance in recurrent breast cancer.
Epigenetic silencing of tumor suppressor Par-4 promotes chemoresistance in recurrent breast cancer study mechanisms of mouse breast cancer recurrence. We showed that in these models tumor recurrence is invariably associated with downregulation of the proapoptotic protein Par-4, and Par-4 downregulation promotes recurrence (14) . To investigate the mechanisms underlying Par-4 downregulation in recurrent tumors, we generated a panel of primary and recurrent tumors from MMTVrtTA;TetO-HER2/neu (MTB;TAN) mice (17) . Doxycycline (dox) administration to MTB;TAN mice led to the development of primary invasive mammary adenocarcinomas ( Figure 1A ). One cohort of mice was sacrificed with primary tumors; a second cohort of mice was removed from dox to induce tumor regression, and mice were monitored for the development of recurrent tumors. Approximately 85% of mice with regressed tumors developed Her2-independent recurrent tumors with a median recurrence latency of 154 days ( Figure 1 , A-C). Primary and recurrent tumors were harvested for molecular analyses or digested to generate tumor cell cultures. recurrent tumors is in a poised state, and Par-4 can be reexpressed using inhibitors of histone deacetylases (HDACs) 1 and 2 and the histone methyltransferase Ezh2. Functionally, we found that specific reexpression of Par-4 in recurrent tumors using epigenome editing sensitizes these tumors to microtubule-targeting chemotherapy both in vitro and in vivo. Our data suggest that Par-4 downregulation represents one possible link between EMT and chemoresistance in recurrent breast cancer. Epigenetic therapies designed to reexpress Par-4 may sensitize treatment-resistant recurrent tumors to chemotherapies, improving the survival of patients with recurrent breast cancer.
Results
Par-4 downregulation is associated with EMT during breast cancer recurrence. We have previously used mouse mammary tumor models with inducible expression of Her2 (17), Myc (18), or Wnt1 (19) to Par-4 downregulation is associated with EMT in human breast cancer. We next asked whether Par-4 downregulation is associated with EMT in human breast cancer. To approach this question, we first tested whether Par-4 downregulation is correlated with a genetic signature of EMT using RNA-seq data from a panel of 86 human breast cancer cell lines (21) . We ranked genes on the basis of their correlation with Par-4 and then performed gene set enrichment analysis (GSEA) to identify pathways associated with low Par-4 expression. A signature for EMT (HALLMARK_EPI-THELIAL_MESENCHYMAL_TRANSITION) was the gene set most significantly associated with Par-4 downregulation (Supplemental Figure 2A ; P < 0.001, Normalized Enrichment Score = -2.07335). Furthermore, mesenchymal or mesenchymal-related gene sets represented 4 of the top 10 curated GSEA pathways associated with Par-4 downregulation (Supplemental Table 1 ).
We next examined the correlation between Par-4 expression and the expression of individual epithelial (Cdh1, Krt8, Krt18, Cldn7, Cldn3, Cldn4) or mesenchymal genes (Snai1, Zeb1, Twist1, Zeb2, Vim, Snai2). Par-4 expression was positively correlated with a subset of epithelial genes, and negatively correlated with all the mesenchymal genes (Supplemental Figure 2B ) in breast cancer cell lines. To extend this analysis, we analyzed RNA-seq data of human breast cancers from The Cancer Genome Atlas (TCGA) (22) . Par-4 expression was positively correlated with E-cadherin and negatively correlated with EMT transcription factors Twist1, Twist2, and Snail (Supplemental Figure 2C) . In both the cell line and tumor data sets, unsupervised hierarchical clustering separated epithelial and mesenchymal genes, and Par-4 clustered with the epithelial genes (Supplemental Figure 2 , B and C). Taken together, these results suggest that Par-4 downregulation is associated with EMT in human breast cancer.
EMT transcription factors Twist and Snail downregulate Par-4. In light of the association between Par-4 downregulation and EMT in recurrent mouse tumors and primary human breast Several pieces of evidence suggest that recurrent tumors arising in these mice are bona fide recurrent tumors derived from residual tumor cells that survive Her2 downregulation, rather than de novo tumors that arise spontaneously. First, doxycycline-naive MTB;TAN mice do not form spontaneous tumors (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/JCI99481DS1), suggesting that recurrent tumors form as a consequence of Her2 expression and primary tumorigenesis. Second, we used an orthotopic transplant model in which fluorescently labeled primary tumor cells from MTB;TAN mice are injected into mammary fat pads of recipient mice on dox. Following primary tumor formation, dox withdrawal leads to tumor regression, and recurrent tumors arise with similar kinetics to the autochthonous model (Supplemental Figure 1B) . Importantly, these recurrent orthotopic tumors retain the fluorescent label (Supplemental Figure 1C) , indicating that they are derived from primary tumors.
Consistent with previous results, Western blot and quantitative PCR (qPCR) analysis of primary and recurrent MTB;TAN tumors showed that all recurrent tumors had downregulated Par-4 protein ( Figure 1D ) and mRNA ( Figure 1E ). Importantly, tumor recurrence in the orthotopic model is also accompanied by Par-4 downregulation (Supplemental Figure 1D) . To gain insight into the mechanism of Par-4 downregulation, we first considered the observation that recurrent tumors arising in MTB;TAN mice undergo EMT (17) . Given that EMT is accompanied by widespread epigenetic and gene expression changes (20) , we hypothesized that Par-4 downregulation may be a result of EMT. Consistent with this hypothesis, recurrent tumors had silenced the epithelial protein E-cadherin and upregulated the mesenchymal intermediate filament protein vimentin ( Figure 1D ). Recurrent tumors had also upregulated the EMT transcription factors Snail and Twist ( Figure 1D ). These results indicate that Par-4 downregulation is associated with EMT in recurrent mouse mammary tumors. an increase in expression of vimentin, Snail, and Twist ( Figure  2B ). We then examined Par-4 expression and found that Par-4 protein ( Figure 2B ) and mRNA ( Figure 2C ) levels were decreased following induction of EMT by TGF-β. These results suggest that TGF-β-induced EMT is accompanied by Par-4 downregulation. We next sought to dissect the specific EMT transcription factors that mediate Par-4 downregulation. EMT is driven by the coordinate action of several transcription factors, including Snail, Slug, Twist, Zeb1, and Zeb2 (6, 24) . Notably, Snail and Twist have been shown to promote EMT in breast cancer and are correlated with poor clinical outcome (9, 25, 26) . To evaluate whether Snail and/or Twist transcription factors are sufficient to repress Par-4 expression, we transduced 2 primary tumor cell lines with retrovirus expressing Twist, Flag-tagged Snail, or an empty vector as a control. Twist expression induced EMT in both primary tumor cell lines, as evidenced by decreased E-cadherin and increased vimentin expression (Figure 3 , A-C). Twist expression in both cell lines was accompanied by downregulation of Par-4 protein ( Figure 3B ) and mRNA ( Figure 3C ). Similar to Twist, ectopic Snail expression resulted in decreased expression of E-cadherin and increased expression of vimentin (Figure 3, D-F) , confirming the induction cancers, we hypothesized that EMT may directly lead to Par-4 downregulation. To provide a tractable system to investigate the mechanisms underlying Par-4 downregulation, we isolated tumor cells from 2 primary tumors and 2 recurrent tumors. Cells cultured from these tumors resembled intact tumors: recurrent tumor cells had lower expression of Par-4 and E-cadherin, and higher expression of vimentin, Snail, and Twist, as compared with primary tumor cells ( Figure 1F ). In addition, whereas primary tumor cells exhibited an epithelial morphology, recurrent tumor cells adopted a spindle-shaped morphology characteristic of EMT ( Figure 1G ). Thus, cells derived from primary and recurrent tumors maintain the molecular and morphologic characteristics of the tumors from which they were derived, and provide a suitable model for studying Par-4 regulation.
We induced EMT in primary tumor cells using TGF-β, which signals through SMAD transcription factors to induce the expression of EMT transcription factors such as Zeb1, Twist, and Snail (23) . Treatment of primary tumor cells with TGF-β led to the acquisition of an elongated, spindle-cell morphology (Figure 2A ), confirming that TGF-β induces EMT in these cells. Furthermore, TGF-β treatment led to a decrease in E-cadherin expression, and of Twist at the TSS of Par-4, or at a gene desert region on chromosome 12 (data not shown and Figure 3G ). Taken together, we conclude that Twist binds directly to the Par-4 promoter, and this is associated with Par-4 repression. EMT is necessary for Par-4 downregulation in recurrent tumors. We next sought to determine whether EMT is required to maintain Par-4 downregulation in recurrent tumor cells. Knockdown of Snail and Twist individually was unable to revert EMT (data not shown), suggesting that these transcription factors have redundant functions in the maintenance of EMT (30, 31) . In contrast, NF-κB signaling is required for both the induction and maintenance of EMT in breast cancer (32) . Therefore, we tested whether inhibition of NF-κB could reverse EMT, and whether this was associated with Par-4 upregulation. We transduced 2 recurrent tumor cell lines with a lentivirus expressing dominant-negative IκB, in which serines 32 and 36 were mutated to alanine (IκB S32/36A). These mutations prevent IκB kinase-dependent (IKK-dependent) phosphorylation and degradation of IκB, thereby sequestering NF-κB subunits p50 and RelA in the cytosol and inhibiting downstream NF-κB signaling (33) . We confirmed that dominant-negative IκB expression in recurrent tumor cells inhibited NF-κB signaling, as evidenced by the stabilization of IκB, loss of IκB phosphorylation, and a decrease in the expression of a panel of NF-κB target genes ( Figure 4 , A and B). Inhibition of the NF-κB pathway reversed EMT -cells adopted an epithelial morphology ( Figure 4C ) and the expression of mesenchymal genes decreased, whereas the expression of E-cadherin increased ( Figure 4 , A and B). We next examined Par-4 expression and found that the reversal of EMT through inhibition of the NF-κB of EMT, as well as a reduction in Par-4 protein ( Figure 3E ) and mRNA levels ( Figure 3F ). The magnitude of Par-4 mRNA repression by Twist and Snail was similar to the repression of E-cadherin mRNA, a bona fide target of these transcription factors ( Figure 3 , C and F) (27, 28) . Interestingly, expression of Twist and Snail in primary cell line 2 induced substantial reductions in E-cadherin mRNA levels, but only a partial reduction in E-cadherin protein ( Figure 3B vs. Figure 3C , and Figure 3E vs. Figure 3F ). Although the basis for this discrepancy is unknown, this may suggest that primary cell line 2 undergoes a partial EMT program in response to Snail and Twist expression (29) . Taken together, these results indicate that the EMT transcription factors Twist and Snail are sufficient to induce Par-4 downregulation in primary tumor cells.
To determine whether Par-4 is a direct transcriptional target of Twist and Snail, we next asked whether these transcription factors directly bind to the Par-4 promoter. To investigate this, we performed chromatin immunoprecipitation followed by qPCR (ChIP-qPCR) with antibodies against Twist or the Flag epitope on Snail. Immunoprecipitated DNA was amplified with a primer set targeting approximately 400 bp upstream of the Par-4 transcriptional start site (TSS). We were unable to detect Snail enrichment at either the Par-4 promoter or at the E-cadherin promoter, suggesting that Snail may regulate these genes indirectly, possibly through upregulation of Twist (data not shown). In contrast, we found that Twist binding was enriched approximately 3.5-fold at the upstream region of the Par-4 promoter in Twist-expressing cells, similar to the magnitude of Twist enrichment at the E-cadherin promoter (27) (Figure 3G ). We did not observe enrichment Having demonstrated that EMT is associated with Par-4 downregulation, we next asked whether Par-4 expression regulates EMT. To do this, we expressed Par-4 in recurrent tumor cells using an inducible system in which Par-4 is fused to a destabilizing . Asterisks show statistical significance between drug treatment with or without Shld1. Error bars denote mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. jci.org Volume 128 Number 10 October 2018
induce cytosine methylation in CpG dinucleotides of promoters to induce stable gene silencing. Given that Twist directly binds to the Par-4 promoter to repress Par-4 expression, we next wished to identify the epigenetic modifications underlying this repression. Because the mechanism of E-cadherin silencing during EMT has been extensively studied, we examined the E-cadherin promoter as a control for these experiments. The Par-4 promoter contains a CpG island that was previously found to be methylated in endometrial tumors and in Rastransformed fibroblasts (35, 36) . We therefore asked whether alter the pattern of active and repressive marks at these promoters (20) . For example, Snail can recruit the histone methyltransferases G9a and PRC2 to the E-cadherin promoter, which then deposits repressive methylation marks at H3K9 (H3K9me2/3) and H3K27 (H3K27me3), respectively (25) . Alternatively, recruitment of histone deacetylase-containing (HDAC-containing) complexes, such as NuRD and Sin3a, can repress genes through removing the active acetylation mark at H3K9 (H3K9ac) and H3K27 (H3K27ac) (34) . In some cases, repressive histone modifications are also associated with recruitment of DNA methyltransferases (DNMTs), which ence of both active and repressive marks at the Par-4 promoter was confirmed by genome-wide ChIP-seq analysis ( Figure 5C ). This bivalent configuration is consistent with the low levels of H3K9me2 and the lack of increase in CpG methylation at the Par-4 promoter in recurrent cells; both of these are associated with more permanent repressive states (e.g., at the E-cadherin promoter), and their absence suggests that Par-4 silencing may be readily reversible in recurrent cells (42) . Next, we sought to determine whether Twist expression in primary tumor cells also induces a bivalent configuration at the Par-4 promoter. We performed ChIP for active and repressive marks in primary tumor cells transduced with Twist or an empty vector. Twist expression led to a loss of all active marks and a gain in repressive marks at the E-cadherin promoter ( Figure 5D , right). In contrast, Twist expression induced a bivalent configuration at the Par-4 promoter, with high levels of both H3K4me3 and K3K27me3 ( Figure 5D, left) . Distinct from recurrent tumor cells, Twist-expressing cells exhibited an increase in H3K9me2 levels at the Par-4 promoter, suggesting that Twist expression by itself does not fully recapitulate the mechanism of Par-4 silencing in recurrent tumors. Taken together, these data suggest that Twist directly binds to the Par-4 promoter and induces bivalent histone modifications to repress Par-4 transcription in recurrent tumors.
Par-4 silencing in recurrent tumors can be reversed with pharmacologic inhibitors. The finding that the Par-4 promoter is in a bivalent configuration in recurrent tumor cells suggested that Par-4 silencing might be readily reversible. We next evaluated whether pharmacologic agents that restored H3K9 acetylation (H3K9ac) or blocked H3K27 methylation (H3K27me3) would reverse Par-4 silencing. Recurrent tumor cells were treated with the pan-HDAC inhibitor SAHA (vorinostat) or the EZH2 inhibitor EPZ6438 (tazemetostat), and Par-4 levels were measured by Western blot. EPZ6438 treatment led to a modest upregulation of Par-4, whereas SAHA treatment induced more profound Par-4 upregulation, producing levels equivalent to those found in primary tumors (Figure 5E) . Similar results were obtained with the selective HDAC1/2 inhibitor romidepsin (Supplemental Figure 5A) . In contrast, treatment with SAHA or EPZ6438 induced only a slight increase in E-cadherin expression in recurrent tumors (Supplemental Figure  5B and data not shown). In fact, treatment with both SAHA and 5-aza-dC, a DNMT inhibitor, was required to reexpress E-cadherin in recurrent tumor cells, and even this combined treatment led to only modest E-cadherin upregulation (Supplemental Figure  5B) . Taken together, these results suggest that the bivalent mode of Par-4 silencing in recurrent tumors renders it relatively more accessible to reexpression through pharmacological inhibitors, compared with a more stably silenced gene, such as E-cadherin.
Par-4 reexpression sensitizes recurrent tumors to microtubule-targeting drugs. Par-4 expression is required for cell death in response to a number of chemotherapeutic agents, including doxorubicin (43), vincristine (44) , and 5-FU (16) . In light of our finding that Par-4 is downregulated following EMT, we speculated that Par-4 silencing might provide a novel mechanism of chemoresistance in recurrent tumors that have undergone EMT. To address this, we first asked whether recurrent tumors arising in MTB;TAN mice are resistant to chemotherapy, and then tested whether Par-4 silencing is functionally important for mediating this resistance.
Par-4 is silenced in recurrent tumor cells through DNA promoter hypermethylation. We used bisulfite sequencing to examine methylation of the Par-4 and E-cadherin promoters in 2 primary and 2 recurrent tumor cell lines. We found that a CpG island in the E-cadherin promoter was hypermethylated in recurrent but not primary tumor cells ( Figure 5A ); this region of the E-cadherin promoter has previously been shown to be methylated following EMT (37) . In contrast, there was a low level of CpG methylation in the Par-4 promoter in primary tumor cells, and this did not increase in recurrent tumor cells ( Figure 5A ). These results indicate that promoter hypermethylation does not contribute to Par-4 repression in recurrent tumors, and further suggest that Par-4 and E-cadherin are repressed through different mechanisms in recurrent tumors.
We next sought to characterize the histone modifications present at the Par-4 and E-cadherin promoters in recurrent tumor cells. We performed ChIP for the active marks H3K9ac and H3K4me3 and the repressive marks H3K27me3 and H3K9me2 (38) (39) (40) . We also measured RNA Pol II occupancy as a measure of transcriptional activity. Consistent with the published data on E-cadherin silencing (20) , we found that in recurrent cells the E-cadherin promoter exhibited a loss of both active marks, and a reciprocal gain of both repressive marks ( Figure  5B, right) . In contrast, ChIP analysis of these marks at the Par-4 promoter showed a loss of the active mark H3K9ac in recurrent cells, but no decrease in the active mark H3K4me3 ( Figure 5B) . Similarly, the repressive modification H3K27me3 was increased at the Par-4 promoter in recurrent cells, whereas levels of the H3K9me2 modification were low but variable in recurrent cells ( Figure 5B ). In light of this variability, we examined H3K9me2 levels in a larger cohort of primary and recurrent tumor cells, and found that levels of this repressive mark at the Par-4 promoter were not significantly increased in recurrent tumor cells (Supplemental Figure 4, A-C) . Together, these results suggest that altered histone modifications at the Par-4 promoter (specifically, a reduction in H3K9ac and an increase in H3K27me3) are responsible for epigenetic silencing in recurrent tumors. Furthermore, these results suggest that the Par-4 promoter is in a bivalent state in recurrent cells, in which both active (H3K4me3) and repressive (H3K27me3) marks are present (41) . The pres- 
This suggests that recurrent tumors are relatively resistant to chemotherapy as compared with primary tumors. We next asked whether Par-4 silencing may partially mediate this chemoresistance. To address this, we tested the effect of reexpressing Par-4 with the inducible L106P-Par-4 system to evaluate the response of recurrent tumor cells to chemotherapy in vitro. Recurrent tumor cells were treated with increasing concentrations of the microtubule-targeting drugs vincristine or docetaxel in the presence or absence of Shld1, and cell viability was measured. Par-4 reexpression sensitized recurrent tumor cells to both drugs, resulting in an approximately 8-fold increase in the potency of docetaxel (IC 50 We previously showed that primary orthotopic MTB;TAN tumors are sensitive to a chemotherapy regimen consisting of Adriamycin, Cytoxan, and Taxol (AC+T), which is commonly used to treat patients with breast cancer (14) . To determine if recurrent MTB;TAN tumors are more resistant to chemotherapy, we compared the response of orthotopic primary and recurrent tumors to this chemotherapy regimen. Primary or recurrent tumor cells were injected orthotopically into mice and AC+T treatment was initiated when tumors reached 5 mm in diameter. In contrast to primary tumors, orthotopic recurrent tumors exhibited only modest responses to the AC+T regimen. The majority of tumors reached study endpoint within 20 days, and none of the mice survived long enough to complete therapy ( Figure 6A ). In contrast, all orthotopic primary tumors survived through AC+T, with a median survival of 31 days ( Figure 6A ). Table 1) . The 2 most abundant Par-4-interacting proteins were MYPT1 and PP1cβ, which are a regulatory and catalytic subunit of the protein phosphatase 1 (PP1) holoenzyme (48) . We confirmed that each of these proteins interacts with Par-4 using coimmunoprecipitation (Supplemental Figure 9, A and B) .
Given our finding that Par-4 interacts with a protein phosphatase, we next asked whether Par-4 expression alters the phosphorylation of any cellular proteins. To evaluate this, we measured phosphoprotein levels by quantitative mass spectrometry in recurrent tumor cells expressing L106P-Par-4 treated with Shld1 or vehicle for 16 hours ( Figure 8A ). A total of 105 proteins (119 phosphopeptides) demonstrated significant changes in phosphorylation following Par-4 expression (P < 0.05, fold change >2), with 69 Shld1, 4.2 nM [95% CI, 3.08-5.87 nM]; P = 0.006) (Figure 6 , B and C). We next performed assays examining the effect of Par-4 expression on cell survival in response to low therapeutic doses of docetaxel or vincristine. Treatment with Shld1 or each chemotherapeutic drug alone had minimal effects on cell viability (Figure 6 , D-F and Supplemental Figure 6A ). In contrast, Par-4 expression dramatically increased cell death in response to these drugs (Figure 6 , D-F and Supplemental Figure 6A) . Notably, the vast majority of recurrent tumor cells was killed by a low dose of docetaxel in the presence of Par-4 expression (Figure 6, D and E) . Importantly, Shld1 administration to recurrent tumor cells expressing a control construct (L106P-YFP) had minimal effect on cell viability in response to chemotherapy, confirming that chemosensitization was mediated through Par-4 expression and not due to off-target effects of Shld1 ( Figure 6D and Supplemental Figure 6B) .
EMT can promote resistance to chemotherapy by altering the expression of a number of pro-and antiapoptotic genes (23, 45) . To gain insight into whether additional genes may mediate chemoresistance in recurrent tumors, we examined the expression of a panel of apoptotic genes in 2 primary and 2 recurrent tumor cell lines. None of the antiapoptotic genes was upregulated in recurrent tumor cells (Supplemental Figure 7) . Among proapoptotic genes, Par-4 and Bik were consistently downregulated in recurrent tumor cells (Supplemental Figure 7) , suggesting that the silencing of Par-4 in recurrent tumors is specific and not observed for all proapoptotic genes. Taken together, these results indicate that Par-4 reexpression sensitizes recurrent tumor cells to cytotoxic chemotherapies, and suggest that Par-4 silencing mediates chemoresistance of these recurrent tumor cells.
Par-4 reexpression sensitizes recurrent tumors to microtubuletargeting chemotherapy in vivo.
We next sought to reexpress endogenous Par-4 using a novel epigenetic engineering approach. This approach utilizes a catalytically dead Cas9 nuclease fused to the histone acetyltransferase core of p300 (dCas9-p300). In the presence of a single guide RNA (sgRNA) targeting a gene's promoter, the dCas9-p300 complex localizes to the target gene promoter and acetylates H3K27 and H3K9, thereby promoting the transcription of that gene (46) . We infected recurrent tumor cell line 2 with lentivirus expressing dCas9-p300 and 1 of 2 sgRNAs targeting the Par-4 promoter (sgPar-4/1 or sgPar-4/2), or a nontargeting sgRNA as a control (NT). Importantly, the sgRNAs targeting Par-4 were specifically designed for a region of the Par-4 promoter that is hypoacetylated in recurrent tumors, such that this editing approach directly reverses the epigenetic modifications that mediate Par-4 silencing in recurrent tumors. Expression of each sgRNA resulted in robust reexpression of Par-4 protein ( Figure 7A ) and mRNA ( Figure 7B) . Furthermore, ChIP analysis confirmed that sgRNA expression led to increased acetylation of H3K9 and H3K27 at the Par-4 promoter ( Figure 7C ).
We next injected recurrent tumor cells expressing control NT sgRNA, sgPar-4/1, or sgPar-4/2 into the fourth mammary gland of recipient nu/nu mice and allowed tumors to form. Following tumor formation, mice were left untreated or treated with a clinically relevant chemotherapy regimen consisting of Adriamycin (doxorubicin) and Cytoxan (cyclophosphamide) (AC) for 2 weeks, followed by Taxol (paclitaxel) (T) for 2 weeks ( Figure 7D ). Par-4 reexpression was maintained in tumors not exposed to AC+T, jci.org Volume 128 Number 10 October 2018
where it induces epigenetic silencing of Par-4 through induction of a unique bivalent chromatin configuration with both active and repressive histone modifications. This bivalent configuration confers plasticity on the Par-4 promoter, and Par-4 can be reexpressed through pharmacologic targeting of histone-modifying enzymes. Functionally, reexpression of Par-4 sensitizes recurrent tumor cells to cytotoxic chemotherapy, and this may be mediated through alterations in protein phosphorylation at the actin cytoskeleton. Taken together, these results suggest that Par-4 silencing promotes chemoresistance in recurrent breast cancers that have undergone EMT. The emergence of recurrent tumors is frequently associated with chemotherapy resistance, and several lines of evidence suggest that EMT may functionally link recurrence and chemoresistance. The findings we present here offer a mechanistic explanation for this relationship. We previously found that Par-4 downregulation promotes breast cancer recurrence; we show here that Par-4 downregulation is mediated through EMT and represents one mechanism by which recurrent tumors acquire chemoresistance. This suggests that recurrent tumors that arise following EMT are inherently resistant to chemotherapy, due in part to the fact that they have silenced Par-4.
Our results also uncover a novel mode of epigenetic silencing induced by EMT. The mechanism by which EMT induces epigenetic silencing of E-cadherin has been extensively studied, and involves complete and permanent silencing through acquisition of repressive histone marks and DNA methylation. In contrast, Par-4 silencing by EMT is partial, reversible, and mediated through acquisition of a bivalent chromatin configuration. Specifically, Par-4 silencing in recurrent tumor cells and in Twist-expressing primary tumor cells is associated with maintenance of H3K4me3, in contrast to the E-cadherin promoter, which loses H3K4me3. The basis for the difference between Par-4 and E-cadherin silencing remains unknown. One possibility is that the H3K4 demethylase LSD1, which has been shown to be involved in E-cadherin silencing (20) , may not be recruited to the Par-4 promoter during EMT. Regardless of the mechanism, the different modes of silencing have functional implications. Par-4 silencing can be rapidly reversed with drugs targeting epigenetic enzymes, including the FDA-approved HDAC inhibitors vorinostat and romidepsin, suggesting that therapeutic approaches to chemosensitize tumors by reexpressing Par-4 may be achievable. The prevalence of bivalent promoters has been shown to increase in treatment-resistant ovarian cancers (55) as well as in tumors that undergo EMT (56), suggesting that promoter bivalency is a common mode of gene regulation in both drug resistance and EMT. It is important to note that there may be other mechanisms by which Par-4 can be silenced in recurrent tumors. In this regard, it will be informative to analyze additional recurrent tumors -and recurrent tumors arising in distinct models -to determine whether a bivalent chromatin configuration at the Par-4 promoter is a general feature of relapsed tumors.
Our mechanistic studies suggest that Par-4 may promote cell death in response to chemotherapy by altering protein phosphorylation at the cytoskeleton. A number of commonly used chemotherapies, including taxol and vincristine, target the cytoskeleton. In addition, the role of the cytoskeleton in the response and resistance to chemotherapies has been well established. Our results suggest that Par-4 alters the phosphorylation of a number proteins (81 phosphopeptides) showing decreased phosphorylation upon Par-4 expression and 36 proteins (38 phosphopeptides) showing increased phosphorylation (Figure 8B and Supplemental  Table 2 ). Gene ontology analysis of significantly altered phosphoproteins showed that proteins involved in actin and microtubule binding were enriched among proteins whose phosphorylation was changed following Par-4 expression (Figure 8, C and D) . Proteins whose phosphorylation decreased following Par-4 expression tended to be associated with microtubules, whereas proteins whose phosphorylation increased were mainly associated with the actin cytoskeleton ( Figure 8D) . Notably, many of the proteins whose phosphorylation changed in response to Par-4 have been associated with resistance to chemotherapies, including Stathmin (49), Marcks (50), Map1b (51), Kif20 (52) , and HDAC6 (53). For instance, Marcks is known to be phosphorylated on a cluster of closely spaced serine residues (Ser159, 163, 167, and 170 in human; the corresponding residues in mouse are Ser152, 156, 160, and 163), and high levels of phosphorylation at these sites promote paclitaxel resistance in human breast cancer cells (50) . We found that Par-4 expression led to a reduction in Marcks phosphorylation at Ser156 and Ser160, suggesting that reduced Marcks phosphorylation may mediate, at least in part, Par-4-induced chemosensitization (Supplemental Figure 9 , C-F). We next expressed Par-4 by transducing recurrent tumor cells with retrovirus expressing Par-4 or by treating L106P-Par-4-expressing cells with Shld1, and then assessed Par-4 subcellular localization using immunofluorescence staining for Par-4 and phalloidin staining for F-actin. In both cases, reexpressed Par-4 partially localized near actin stress fibers, but did not noticeably alter the pattern of phalloidin staining (Supplemental Figure 10, A and B) . This is consistent with our observation that Par-4 expression alters the phosphorylation of cytoskeletal proteins and with the published finding that Par-4 can localize to the actin cytoskeleton (54) .
We previously showed that Par-4 expression in recurrent tumor cell lines induces multinucleation due to cytokinesis failure (14) . Because microtubule-targeting drugs work in part by disrupting mitosis, we hypothesized that Par-4 expression may sensitize cells to these drugs by potentiating their mitotic defects. To evaluate this, we used time-lapse imaging to quantify the frequency of mitotic defects in chemotherapy-treated cells in the presence or absence of Par-4 expression. Cells were labeled with H2B-mCherry to visualize their nuclei and then treated with Shld1, vincristine, or both Shld1 and vincristine, and imaged over 18 hours. Analysis of 60 mitoses in each treatment showed that whereas Par-4 reexpression and vincristine alone each induced mitotic defects in a subset of cells, the combination induced defects in more than 90% of cell divisions ( Figure 8E ).
Discussion
In the present study, we explored the mechanism and functional significance of Par-4 downregulation in recurrent tumors. We found that Par-4 downregulation is associated with the epithelialto-mesenchymal transition (EMT). Inducing EMT through TGF-β treatment in primary tumor cells is accompanied by Par-4 suppression, whereas reversing EMT in recurrent tumor cells leads to Par-4 upregulation. We identified Twist as the transcription factor that mediates this silencing. Twist binds directly to the Par-4 promoter, jci.org Volume 128 Number 10 October 2018 number for each time point was determined by counting cells on a hemocytometer. The remaining wells were incubated with 0.5% crystal violet for 5 minutes, rinsed, and imaged by a scanner. For colony formation assays, 1,500 cells from either L106-YFP or L106P-Par-4 recurrent tumor cell line 2 were plated on 10-cm plates and treated with 10 nM vincristine, 10 nM docetaxel, or vehicle control, and either 100 nM Shld1 or ethanol vehicle. Plates were analyzed after 8 days by crystal violet staining. For concentration response curves, recurrent cell line 1 expressing L106P-Par-4 was plated on a 96-well plate at 2,500 cells per well in triplicate. Cells were allowed to grow for 16 hours in the presence of 300 nM Shld1 or ethanol before treatment with varying doses of chemotherapeutic drugs for 60 hours. Cell viability was determined using CellTiterGlo kit (Promega) according to manufacturer instructions. Concentration response curves were plotted in GraphPad Prism 7 software.
Plasmids, viral transduction, and epigenome editing. A retroviral construct encoding Twist was obtained from Robert Weinberg (Whitehead Institute, Cambridge, MA; Addgene plasmid 1783). To generate a retroviral construct encoding Snail, we PCR amplified Snail from the expression vector p3xFLAG-mSnail (a gift from Celeste Nelson, Princeton University, Princeton, NJ; Addgene plasmid 34583) and cloned it into pBabe-puro (Robert Weinberg, Whitehead Institute, Cambridge, MA; Addgene plasmid 1764) using the following primers: forward, 5′-GTTAGGATCCATGGACTACAAAGACGATGACGACAAGCC-GCGCTCTTTCCTGGTCAG-3′; reverse, 5′-GTTAGAATTCTCAGC-GAGGGCCTCCGGAGC-3′. A plasmid expressing dominant-negative IκB (pCMX-IkB-alpha-M) was a gift from Inder Verma (Salk Institute, La Jolla, CA; Addgene plasmid 12329).
To reexpress Par-4 in recurrent tumor cells we used an epigenetic editing approach (46) . Cells were transduced with a catalytically dead Cas9 protein fused to the catalytic core of histone acetyltransferase p300 (dCas9-p300, a gift from Charles Gersbach, Duke University, Durham, NC). sgRNAs targeting the region of the Par-4 promoter that is hypo-acetylated in recurrent tumors were cloned into pLX-sgRNA (a gift from Eric Lander and David Sabatini, Whitehead Institute, Cambridge, MA; Addgene plasmid 50662). The sgRNAs used are shown in Supplemental Table 3 . For Par-4 overexpression, we infected recurrent tumor cells for 48 hours with a retroviral vector expressing WT Par-4 prior to immunofluorescence staining (14) .
Retrovirus was produced by transfecting AmphoPhoenix packaging cells with the retroviral expression construct (National Gene Vector Biorepository). Lentivirus was produced by transfection of HEK293T cell line with psPAX2 and pMDG.2 (gifts from Didier Trono, EPFL, Lausanne, Switzerland; Addgene plasmids 12559 and 12660) and the lentiviral expression construct. Viral supernatant was collected 48 and 72 hours after transfection, filtered, and used to transduce target cells in the presence of 4 μg/ml polybrene (MilliporeSigma). Cells were selected in selection media containing puromycin (2 μg/ml for primary tumor cells; 4 μg/ml for recurrent tumor cells).
Western blotting and qPCR. Western blotting was performed as previously described (14) . Primary and secondary antibodies used in this study are shown in Supplemental Table 3 . Membranes were imaged using a Li-Cor Odyssey infrared imaging system and analyzed in ImageStudio Lite software (Li-Cor Biosciences). RNA was extracted using the RNeasy kit (Qiagen) and cDNA was synthesized using the ImProm-II Reverse Transcription System (Promega). Expression levels of cytoskeleton-associated proteins, including Stathmin, Marcks, and others, that have been implicated in chemotherapy resistance (49) (50) (51) (52) (53) . Par-4 has been shown to recruit a binding partner, ZIPK, to the actin cytoskeleton (57) . Our results expand upon this by suggesting that Par-4 binds to the phosphatase PP1, localizes near actin filaments, and alters the phosphorylation of actinassociated proteins. Future work will be required to determine if Par-4 relocalizes PP1 to the actin cytoskeleton, and whether PP1 is required to mediate phosphorylation changes observed following Par-4 expression. Finally, it is important to note that Par-4 has been shown to promote cell death by inhibiting a number of survival pathways, including bcl-2 and Akt (58, 59) , and our results do not exclude a role for these pathways in mediating the function of reexpressed Par-4 in recurrent tumors.
In conclusion, our results identify Par-4 silencing as a potential targetable link between EMT and chemoresistance in recurrent breast cancer, and suggest a novel mechanism for Par-4 function in promoting death in response to chemotherapy. These results suggest that approaches to upregulate Par-4 by reversing its silencing may resensitize tumors to chemotherapy, improving the survival of patients with recurrent breast cancer.
Methods
Cell lines and reagents. Three primary (primary 1, primary 2, and primary 3) and 4 recurrent (recurrent 1, recurrent 2, recurrent 3, and recurrent 4) tumor cell lines were generated as previously described (14) . Briefly, primary and recurrent tumors were excised from MTB;TAN mice and minced into small chunks. Tumor chunks were digested with warmed digestion buffer containing 300 U/ml collagenase (StemCell) and 100 U/ml hyaluronidase (StemCell) at 37°C for 4 hours. Cells were resuspended in Dispase II (5 mg/ml) and DNase I (100 μg/ml) and filtered before plating. All cell lines were maintained in DMEM and supplemented with 2 mM l-glutamine, 100 U/ml penicillin-streptomycin, 10% super calf serum, 10 ng/ml EGF, and 5 μg/ml insulin. Primary cell lines 1 and 2 were additionally supplemented with 2 μg/ml doxycycline, 5 μg/ml prolactin, 1 μM progesterone, and 1 μg/ml hydrocortisone. All cells were grown in a humidified incubator at 37°C with 5% CO 2 . Primary tumor cell lines exposed to TGF-β (10 ng/ml; R&D Systems) were grown for at least 14 days, until morphological evidence of EMT by brightfield microscopy, before analysis. Recurrent tumor cells expressing L106P-Par-4 or L106P-YFP were previously described (14) . Cells were treated with Shld1 at 300 nM except where indicated to induce Par-4 expression.
The following drugs were used: 5-Aza-2′-deoxycytidine (MilliporeSigma), SAHA (vorinostat; MilliporeSigma), vincristine (Tocris), docetaxel (Tocris), romidepsin (Selleck Chemicals), EPZ-6438 (Selleck Chemicals), and Shld1 (Clontech). Drugs were solubilized per manufacturer recommendations and utilized at concentrations stated within the text. Matching vehicle controls were used for each experiment.
Cell viability assays. For chemosensitization experiments, recurrent cell line 2 expressing L106P-Par-4 or L106P-YFP was plated at 40,000 cells per well in triplicate on 12-well plates designated for 1, 3, or 5 days of treatment. Six wells were used for cell counting, whereas the remaining 6 wells were analyzed by crystal violet staining. Once cells attached, media was replaced with either 300 nM Shld1 or ethanol (vehicle control) for 16 hours before chemotherapeutic drugs were added (vincristine, 8 nM; docetaxel, 20 nM; or untreated). Cell jci.org Volume 128 Number 10 October 2018
Immunofluorescence. Cells were plated onto poly-D-lysine-coated coverslips (Neuvitro). Cells were fixed in 4% paraformaldehyde, permeabilized with 0.5% fresh Triton-X100 (MilliporeSigma) and blocked with 3% BSA (Fisher) containing 10% normal goat serum (Invitrogen). Coverslips were incubated overnight at 4°C in 3% BSA buffer containing primary antibodies. The next day, coverslips were washed and incubated with secondary antibodies. Following secondary antibody incubation, cells to be stained for actin filaments were exposed for 20 minutes to Alexa Fluor 568 phalloidin conjugate (Thermo Fisher Scientific). Coverslips were mounted in ProLong Gold Antifade (Thermo Fisher Scientific) DAPI suspension and dried overnight at room temperature. Images were captured on a Leica SP5 inverted confocal microscope. Primary antibodies used in this study are shown in Supplemental Table 3 . Secondary antibodies were obtained from Thermo Fisher Scientific and included Alexa Fluor 488 (goat antirabbit), Alexa Fluor 647 (goat anti-mouse), Alexa Fluor 568 (goat antirabbit), and Alexa Fluor 488 (goat anti-mouse).
Live cell microscopy. Recurrent tumor cell line 2 was infected with lenti-H2B-mCherry to visualize nuclei and 100,000 cells were plated on 6-well, number 1.5 coverslip, 14-mm diameter plates (MatTek) precoated with poly-D-lysine (MilliporeSigma). Following cell adhesion, wells were treated with either vehicle or 100 nM Shld1 for 16 hours prior to treatment with 10 nM vincristine or vehicle control. Immediately following vincristine treatment, plates were placed in a live cell imaging station (Zeiss Axio Observer) heated to 37°C and with 5% CO 2 . Phase contrast and fluorescence images were taken every 5 minutes for 18 hours at 3 unique areas within each well.
Images were recorded at ×10 magnification. For analysis, 20 cellular divisions, as determined by H2B-mCherry localization, were counted for all 3 videos in each well and the percentage of abnormal mitoses was averaged. An abnormal division was defined as a mitosis lasting longer than 1 hour (between prometaphase through abscission), a mitosis resulting in binucleation, or a mitosis ending with morphological signs of cell death.
In vivo chemosensitivity. Recurrent tumor cells expressing dCas9-p300 plus an sgRNA targeting a control region (AAVS) or the Par-4 promoter (sgPar-4/1 or sgPar-4/2) were orthotopically injected into the inguinal (fourth) mammary gland of 6-week-old nude mice. A separate cohort of mice was injected with primary tumor cell lines. Once tumors achieved a size of approximately 75 mm 3 , mice began treatment. Mice were divided into untreated (n = 3 per cohort, total n = 9) or treated (n = 10 per cohort, total n = 30) groups. Treated mice received 2 mg/ kg intraperitoneal doxorubicin (Adriamycin) and 80 mg/kg intraperitoneal cyclophosphamide injections twice weekly for 2 weeks followed by 10 mg/kg paclitaxel twice weekly for 2 weeks. All chemotherapeutic agents were obtained from the Duke University Hospital pharmacy. Tumor size was measured with calipers 3 times per week until tumors reached approximately 1,800 mm 3 . Tumor tissues from sacrificed mice were excised and flash frozen for downstream protein and mRNA analysis. Kaplan-Meier survival curves were generated for time until tumors reached study endpoint (volume of approximately 1,800 mm 3 ). Tumor volume was calculated using the formula ((π × length × width 2 )/6). Tumor AUC was calculated using the formula [(vol 1 + vol 2 )/2] × (day 2 -day 1 ). Mean growth rate was determined by using the formula (AUC -(vol 1 × day n ))/(day n 2 ). Tumor burden was compared among treated groups by 1-way ANOVA followed by Tukey's post hoc analysis. Graphs were generated in GraphPad Prism 7.
of genes were assessed by qPCR on a CFX384 Touch Real-Time PCR Detection System (Bio-Rad) using the Taqman probes shown in Supplemental Table 3 . Tbp and Actb were used as normalization controls.
Chromatin immunoprecipitation. Cells were fixed in 1% ChIPgrade formaldehyde (MilliporeSigma) for 10 minutes, crosslinking was quenched with 250 mM glycine, and then cells were harvested and pelleted by centrifugation. Radioimmunoprecipitation assay lysis buffer containing Halt protease inhibitor and phosphatase inhibitor cocktail (Thermo Fisher Scientific) was added and cells were incubated for 15 minutes with frequent vortexing. Samples were sonicated and DNA was sheared to an average length of approximately 250-450 bp. Lysates were precleared with Protein A/G beads (Santa Cruz) blocked with salmon sperm (Ambion) and ChIP-grade BSA (New England BioLabs). Purified sheared DNA was immunoprecipitated overnight at 4°C with 5 μg primary antibody or isotype-control rabbit and mouse IgG (5 μg of each mixed together). Antibodies used are shown in Supplemental Table 3 . Immunoprecipitated DNA was purified with Protein A/G beads and washed sequentially with wash buffers. DNA was eluted from washed beads and reverse crosslinked with concentrated NaCl overnight at 65°C. After reverse crosslinking, proteins were digested with proteinase K (MilliporeSigma) and EDTA, and DNA was purified using PCR purification columns (Qiagen). All qPCR reactions were carried out with SYBR green (Bio-Rad) using primers shown in Supplemental Table 3 . Control regions of the genome were also evaluated, and included the Actb promoter and a gene desert located on chromosome 12 (both primer pairs purchased from ActiveMotif). Ct values for immunoprecipitated DNA were normalized to input DNA. For Twist ChIP, DNA was normalized to input and expressed as fold enrichment over isotype control.
Chip-Seq analysis. Following immunoprecipitation, DNA was quantified using the fluorometric quantitation Qubit 2.0 system (Thermo Fisher Scientific) and fragment size was confirmed with Agilent Tapestation. DNA libraries were prepared using the Kapa BioSystem HyperPrep Library Kit for compatibility with Illumina sequencing. Unique indexes were added to each sample. Resulting libraries were cleaned using SPRI beads, quantified with Qubit 2.0 and Agilent Bioanalyzer, and pooled into equimolar concentrations. Pools were sequenced on an Illumina Hiseq 4000 sequencer with 50 bp single reads at a depth of approximately 55 million reads per sample. Fastq reads underwent strict quality control processing with the TrimGalore (60) package to remove low-quality bases and trim adapter sequences. Reads passing quality control were mapped to the mm10 version of the mouse genome using the Bowtie short read aligner (61) . Duplicate reads were filtered and peaks were called with the MACS2 peak-calling algorithm using default parameters, except for H3K27me3 peaks, which were called using broad peak settings (62) . Bam files were converted into Bigwig format by binning reads into 100 bp segments. Images were generated in the IGV desktop viewer (Broad Institute).
Bisulfite sequencing. Bisulfite sequencing was performed using the EpiTect Bisulfite Kit (Qiagen). Briefly, genomic DNA from 2 primary and 2 recurrent tumor cell lines was bisulfite-treated according to manufacturer instructions. Target regions of interest were PCR amplified using the primers shown in Supplemental Table 3 . Amplified DNA was gel purified and transformed into bacteria. Ten independent bacterial colonies were sequenced per cell line for both Par-4 and E-cadherin. DNA sequences were aligned to normal DNA sequences using DNASTAR MegAlign software. jci. Statistics. For Western blots, a single experiment is shown that is representative of results from at least 2 independent experiments. For gene expression assays, results from a single representative experiment are shown as the mean ± SEM. For statistical comparisons between 2 groups, we used a 2-tailed Student's t test. For comparisons among multiple groups, we used a 1-way ANOVA with Tukey's post hoc analysis, except where indicated. Differences in Kaplan-Meier survival curves were tested with the Mantel-Cox log-rank test. A P value less than 0.05 was considered significant. Graphs were generated in GraphPad Prism7, except where indicated.
Study approval. Animal care and all animal experiments were performed with the approval of and in accordance with Duke University IACUC guidelines.
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